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S pherical equivalent refraction is determined by the combined effect of several ocular components-specifically, axial length, corneal power, anterior chamber depth, and lens power. A large number of population-based studies in older adults have reported on refractive status, although most have not used cycloplegia, which is important for accurate measurement of refraction in children and in young adults. 1 Several have reported on various aspects of ocular biometry, particularly axial length and corneal power. [2] [3] [4] [5] [6] [7] [8] [9] In contrast, there are very few reports on lens power, because lens power cannot be measured directly but must be calculated from the other parameters. It is important to note that lens thickness, which can be readily measured by biometry, has a complex relationship with lens power and cannot be used as a surrogate measure. Most these studies are purely cross-sectional and thus, considered in isolation, can give, at best, only limited information about possible longitudinal changes.
The paucity of data on lens power is unfortunate, because, compared to other ocular components, lens power is the most changeable throughout life, showing significant changes in both childhood and adult life. While the amount of longitudinal data is very limited, early in development there appears to be a marked loss of lens power, which is rapid in the early childhood years. 10 This loss slows markedly and progressively to reach a minimal but nevertheless significant rate of loss after the age of 10 to 12, [11] [12] [13] and this loss in lens power appears to continue after this age for most of adult life. 14 Over this period, while the lens slowly loses power, the lens thickens and its curvatures steepen, which should lead to increased power-a phenomenon that has come to be known as the lens paradox. 15 The observed loss of lens power appears to be due to changes in the gradient index of the lens, 16 which emphasizes that lens thickness does not provide a surrogate measure of lens power.
In contrast to this lifelong pattern of change in lens power, corneal power stabilizes in the first year or two after birth. 17 Myopic shifts in refraction continue for much longer, certainly to the end of childhood and even further into the third decade of life, at least in those involved in higher education, 18, 19 probably in association with continuing axial elongation. [20] [21] [22] Early in development, loss of lens power appears to limit the effects of axial growth by balancing the myopic shifts associated with axial elongation against the hyperopic shifts associated with loss of lens power; but later in adult life, when axial elongation is minimal or has stopped, the slow loss of lens power appears to lead to hyperopic shifts in refraction. 14, 23 The Shahroud Eye Cohort Study is a large, population-based study of adults aged 40 to 64 years at baseline (2009) (2010) in Shahroud, a provincial city with a population of over 100,000 in northeastern Iran. It has several strengths, including a large sample size (over 5000); a participation rate of 82.2%; the systematic use of cycloplegia, which is important for the accurate estimation of spherical equivalent refraction and the subsequent calculation of lens power; systematic collection of sociodemographic information; and planned follow-up after 5 years. In this paper, we report on lens power. Longitudinal data from this study are not yet available, but we analyzed the baseline cross-sectional data, taking into account documented patterns of secular change in height and education.
MATERIALS AND METHODS
The Shahroud Eye Cohort Study is a statistically representative population-based study of 40-to 64-year-old subjects of Shahroud city. Sampling methods are described elsewhere. 24 All participants received a complete ophthalmic examination, including distance and near uncorrected and best corrected visual acuity, with subjective refractions. Objective refractions were obtained with retinoscopy under cycloplegia (1% cyclopentolate [Alcon Cusí, Masnou, Spain] was instilled twice, 5 minutes apart, and spherocylindrical refraction was measured after 30 minutes when the pupil was dilated). Corneal radius was measured with an autorefractor (Topcon KR 8800; Topcon Corporation, Tokyo, Japan) and biometry with the Allegro BioGraph (WaveLight AG, Erlangen, Germany). Corneal power was calculated from the corneal radius of curvature assuming a refractive index of 1.3315 as proposed by Olsen. 25 Lens opacity grading was obtained with slit-lamp biomicroscopy according to the Lens Opacities Classification System III (LOCS III). 26 Nuclear cataract was defined as nuclear opacities grade 4 and above, 26 and the diagnosis of cortical and posterior subcapsular cataracts was based on cortical and posterior subcapsular opacities grade 2 and above. Refractive error for a given subject was based on the results of cycloplegic refraction, and spherical equivalent refraction was calculated as the sphere þ one-half the cylinder value. Myopia was defined as a spherical equivalent less than À0.5 diopters, and hyperopia was defined as a spherical equivalent greater than þ0.5 diopters. As the spherical equivalents of right and left eyes were highly correlated, data are presented for right eyes only. The cycloplegic refractions and the ocular biometry of the right eyes were used for the calculation of crystalline lens power with Bennett's formula. 27 The prevalence of refractive error was studied across age groups of 5-year intervals from ages 40 to 64 years. As both sex and age can influence refraction and ocular components, the mean values of each dependent variable were studied with two-way ANOVA for sex and age group as independent variables, with post hoc Scheffe tests. Regression models were used to test the associations between the different variables controlled for age and sex. P values were considered significant at the 0.05 level.
The Ethics Committee of Shahroud University of Medical Sciences approved the study protocol, and all participants signed a written informed consent. The study was conducted in accordance with the tenets of the Declaration of Helsinki.
RESULTS
Of the 5190 subjects aged 40 to 64 years who participated in the study, 598 (11.5%) were excluded. As nuclear opacity greater than or equal to 4 on the LOCS III scale was associated with increased lens power, subjects with this type of cataract were excluded from the analysis to avoid the known myopic shifts in refraction caused by increased lens power with nuclear cataract. 23, 28 The causes of exclusion are listed in Table  1 . The present report is therefore based on cycloplegic refraction data from 4592 subjects, of whom 2666 (58.1%) were women.
The age and sex distribution is presented in Table 2 , where it can be seen that more women in the younger age groups participated. To avoid this imbalance biasing the data, and as sex differences have been often reported in refraction and ocular biometry, as well as in height and education, data were stratified by sex. As also shown in Table 2 , the prevalence of myopia ranged between 17% and 25% in both men and women, with no clear age-related trends. On the other hand, the prevalence of hyperopia was higher in older subjects (especially in women), while that of emmetropia was lower in older subjects. Consistent with this trend, the mean spherical equivalent was more than þ0.45 diopters higher in the older subjects, in both men and women ( Table 3 , two-way ANOVA for sex and age, P < 0.001). Significant changes in axial length and corneal power with age have been previously reported in this sample 29, 30 ; but as can be seen in Table 3 , despite the differences in the prevalence of emmetropia and hyperopia, the axial length/corneal radius ratio (AL/CR) did not differ with age (two-way ANOVA for sex and age, P < 0.476).
Surprisingly, the mean lens power showed a biphasic trend, with younger subjects up to the age of 50 having lower lens powers. After that age, older subjects had lower lens power ( Fig. 1 , two-way ANOVA for sex and age, P < 0.001). Younger women had higher lens power than men, but the two sexes had similar lens power in the older age group (Fig. 1 ).
To understand this unexpected increasing trend in lens power at younger ages, we looked at possible secular trends in education and height in the population that could influence the ocular components of refraction. Table 3 shows that younger men and women were significantly taller than older men and women (two-way ANOVA for sex and age, P < 0.001), and that younger women were more educated than older ones (two-way ANOVA, P < 0.001). Figures 2A and 2B show the age differences in axial length and corneal power. It can be seen that younger subjects of both sexes had longer eyes and less powerful, flatter corneas compared to older ones (two-way ANOVA for sex and age, P < 0.001 both for axial length and for corneal power). This trend was not reflected in the AL/CR ratio, which was constant with age ( Table 3) .
One possible explanation for a biphasic pattern of change in lens power could be that younger people, who tended to be taller, had lower lens power than older subjects, who were shorter. This trend could combine with the expected trend for loss of lens power at older ages related to longitudinal hyperopic shifts in refraction. To test this hypothesis, subjects of both sexes were divided into tertiles of height. As can be seen in Figure 3A , the mean spherical equivalent was similar for men and women of different heights (two-way ANOVA, P ¼ 0.182). Figures 3B through 3E show the differences in ocular components with height both in men and in women. It can be seen that taller men or women have longer eyes, with flatter corneas and less powerful lenses (two-way ANOVA, P < 0.001 in all cases). For example, the axial length of males was longer, at 23.72 mm in the taller males compared to 23.18 mm in the shorter subjects (equivalent to approximately 1.5 diopters myopic change at the spectacle plane, all other parameters being equal). However, the corneal power was lower, at 42.74 diopters in taller males compared to 43.47 diopters in shorter males, while the lens power was lower in taller males (21.94 compared to 22.61 diopters). Together, these differences in corneal and lens power neutralized the myopic shifts that would otherwise be associated with increased axial length.
Increased anterior chamber depth in taller subjects (2.73 mm in taller men compared to 2.62 mm in shorter men, Fig. 4A ) also played a small compensating role. The ''anterior segment length'' for this study was defined as the distance from the corneal apex to the posterior pole of the lens (per Larsen 31 ). Figure 4B shows the anterior segment length for the different stature tertiles. It can be seen that taller subjects, both men and women, had longer anterior segment lengths.
It is well known that the height of a population decreases longitudinally with age, especially in older subjects. The results of different prospective studies on aging and height were recently reviewed. 32 As an example, in a Baltimore study, 33 206 men with a mean age of 45, followed for a mean of 21 years, had a rate of height loss of 0.063 cm per year. That would mean that, on average, height would decrease 0.63 cm every 10 years and 1.26 cm in 20 years. In the Shahroud population, the 60- year-olds were 2.90 cm shorter than the 40-year-olds, which is a bigger difference than expected from the longitudinal change alone. This greater difference can probably be attributed to secular increases in height. To look at the relationship between height and ocular biometry, multiple regression models were constructed relating height with the ocular parameters adjusted for age and sex. In these models, corneal power (b ¼À0.599, P < 0.001) and axial length (b ¼À0.931, P < 0.001) were associated with height independently of age and sex. Lens power was also associated with height (b ¼ À0.563, P < 0.001) adjusted for age and sex in a multiple regression model. Table 4 shows the Pearson correlations between refraction and the ocular components. It can be seen that there are high correlations between refraction and axial length, and between axial length and corneal or lens power.
DISCUSSION
This study has shown that there is very little difference in refractive error between age groups in this population-based sample of older Iranians, which contrasts with the major differences between age groups that have been reported in East Asian populations. 18, 34, 35 In this population, there was an unexpected biphasic pattern of change in lens power in the different age groups, which we suggest can be attributed to differences in height, a product of social changes over the period in which the study population grew up. It is widely understood that patterns of longitudinal change cannot be derived from cross-sectional data alone because of the potential confounding of longitudinal changes and cohort effects. This greatly limits the conclusions that can be drawn from most population-based epidemiological studies, which is unfortunate because the majority of the data available are cross-sectional, and this is likely to continue to be the case. However, in the absence of cohort effects, the pattern of crosssectional differences with age should simply reflect the pattern of longitudinal change. Therefore, with some information about general longitudinal changes with age, and with information about relevant secular changes in the population, it may be possible to make sense of the cross-sectional patterns observed.
There is some information in the case of refractive error and ocular biometry. The available evidence suggests that corneal power and diameter are remarkably stable from the age of 2 to 3 years until well into adult life. 17, [36] [37] [38] [39] [40] Axial length increases at least for the first two decades of life, and this may continue into the third decade in some situations. Since changes in corneal radius and axial length are minimal after the age of 30, the AL/CR ratio is likely to be stable beyond this age. In addition, despite the absence of direct evidence, it is generally accepted that there are longitudinal hyperopic shifts in refraction due to slow loss of lens power for much of adult life, 17, 23 until marked myopic shifts in refraction occur in association with the formation of nuclear cataracts. 28, [41] [42] [43] In relation to secular changes, there has been an increase in height in many, if not most, populations over the last century or so, and particularly in the last few decades, as standards of nutrition have improved. [44] [45] [46] [47] [48] In general, increased height is associated with longer axial lengths and flatter corneas. 8, [49] [50] [51] [52] [53] [54] [55] This association appears to start in newborn infants, since heavier babies have longer axial lengths and flatter corneasan association that continues during subsequent development in the childhood years. [56] [57] [58] [59] In parallel, increased height primarily involves accelerated growth in the first 2 years of life. 44, 45 However, increased height and longer axial length, on its own, did not lead to more myopic refractions in this study, probably because emmetropization matches axial length to the refractive power of the cornea and lens early in development. Consistent with this idea, while there have been sporadic reports of a relationship between greater height and more myopic refraction, 51,60 many other studies have reported that there is no relationship. 50, 52, 53, 58, [61] [62] [63] [64] Interestingly, the largest report on Israeli army conscripts 65 reported an inverse relationship (lesser height associated with more myopia), which may suggest that the relationship is social rather than biological, perhaps related to diet and/or study habits.
Many studies have reported a cross-sectional association of education and myopia. 8 The rapid increase in the prevalence of myopia over the past 50 years in some East and Southeast Asian countries has generally been attributed to the development of mass, highly competitive and intense education systems, with increased axial elongation and myopia in better-educated people. In these countries, the two secular changes have occurred in parallel, leading to a combination of flatter corneas, excessively elongated axial lengths, increased AL/CR ratios, and more myopic refractions.
In many respects, this population of Iranian adults from Shahroud represents a contrasting pattern, with the prevalence of myopia greater than À0.50 diopters stable with age and sex at around 20%, despite the fact that the younger adults were taller and had longer axial lengths. There was, however, some reduction in the prevalence of emmetropia and an increase in the prevalence of hyperopia in older adults, probably indicative of longitudinal hyperopic shifts in refraction produced by loss of lens power. The increased axial length was associated with greater height in the younger (middleaged) adults, and greater height was also associated with flatter corneas, which resulted in AL/CR ratios that were stable with age. In contrast to expectation, lens power did not decrease monotonically with age, but was particularly low in the youngest age group. The lower power of the lens in larger eyes of younger people would also help to neutralize the impact of the increased axial length on refraction, as could be also the case for a posterior location of the lens in taller subjects (with bigger anterior segment lengths in this study).
Consistent with these patterns, there was a slight increase in height in the younger age groups of this population, in both men and women, which appears to be associated with increased axial lengths, flatter corneas, and less powerful lenses. There was a slight increase in education with age, particularly in women, but in no case did the mean level of education go significantly beyond the primary school years. In other studies, there is some evidence that a threshold level of education, beyond the primary school years, has to be achieved to significantly increase the prevalence of myopia. For example, in Singapore, the prevalence of myopia, estimated from visual acuity measurements, was low for those with only primary school education, but began to increase with different levels of high school and further education. 18 Similarly, in the Refractive Error Study in Children in rural Nepal, where school enrolment rates are low and where most children do not go beyond primary school, there was no increase in the prevalence of myopia with age. 66 The adults in the present study had average education to the end of primary school, and although the years of education had increased significantly for women, this might have been insufficient to result in any appreciable increase in the prevalence of myopia.
The results of this study can be usefully compared with other studies, in particular the Tanjong Pagar Study. 50 In that study, there was a markedly higher prevalence of myopia in the youngest cohort, even before older subjects with nuclear cataract were omitted. Younger subjects were taller and better educated, and there was a clear association between increased education and a more myopic refraction, but there was no relationship between increased height and refraction.
To our knowledge, this is the first report showing that younger, taller generations have eyes with longer axial lengths, longer anterior segments, flatter corneas, and lower-powered lenses, irrespective of refractive error. We have calculated lens powers from published data for three other population-based studies; as can be seen in Table 5 , lens power was again lower in those who were taller or had higher birth weights.
These findings in different studies pose the question of how the eye manages to adapt lens power to partially compensate for axial diameter. The lens has an internal power given by the progressive increase in refractive index from the surface to the center that can account for half of its power. The growing aging lens naturally loses power by a progressive steepening of this gradient of refractive index. 67 Lens growth in animal models is sensitive to humoral factors present in the adjacent peripheral retina and the vitreous 68 ; and perhaps the rate of growth could alter the lens gradient of refractive index (a lens that grows at a slow rate would tend to steepen its gradient, and interestingly, taller subjects in this study had thinner lenses). There may be a possible relation between lens power loss and axial length growth in the sense that they could be mutually coordinated during the growth period, as has been previously discussed when a greater rate of lens power loss was found in children at the time of axial myopia development. 13 The lens as a whole has a limited capacity for loss of power, given the fact that once the superficial layers are compacted and the gradient of refractive index reaches its maximum steepness, no further loss can be accomplished. Subjects with shorter eyes, who have higher lens power to begin with (shallower gradient), could be prone to greater amounts of loss. Perhaps the fact that women have shorter eyes with steeper corneas and more powerful lenses 23 makes them more prone to having hyperopic shifts by loss of lens power with aging. This is consistent with the fact that women have a greater prevalence of hyperopia with aging and with the fact that at older ages, when the lens power is decreased, they end up with lens power similar to that of men, as if this was the lower mean lens power that could be achieved with aging ( Fig. 1) .
Finally, in Shahroud, the lens power was lower in the younger, taller generations and also lower in the older subjects. This last change is probably due to hyperopic changes driven by lens power loss in older subjects. Evidence of this is the increasing prevalence of cycloplegic hyperopia in men and women from age 50 to 65 years in this study. Hyperopia in adults has been shown to be related to decreased lens power. 23 The trend for increased lens power in the smaller eyes of the shorter older generations in this study is probably cancelled by the loss of lens power with aging, resulting in a biphasic pattern of lens power change with age.
These observations have an important clinical implication. Significant changes in height have been observed in most populations in recent years; and there have also been significant, and sometimes rapid, changes in education. This means that population norms for refraction and ocular biometry established on older people may no longer be valid for younger people; and where there have been rapid changes in height and education, population norms for screening and clinical use may need to be updated regularly.
In conclusion, we have found that the bigger eyes in the younger age groups in this study are still emmetropic but have greater axial lengths, with lower corneal and lens powers and bigger anterior segment lengths. In the absence of other secular changes that affect eye growth, such as increases in educational standards, early emmetropization and loss of lens power seem to minimize the effect of changes in height and ocular biometry on refraction. It will be interesting to see how these parameters change in the younger generations in Iran, where educational and nutritional standards have continued to improve. 
